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Abstract
Background: There is reason to expect strong genetic influences on the risk of developing active pulmonary
tuberculosis (TB) among latently infected individuals. Many of the genome wide linkage and association studies
(GWAS) to date have been conducted on African populations. In order to identify additional targets in genetically
dissimilar populations, and to enhance our understanding of this disease, we performed a multi-stage GWAS in a
Southeast Asian cohort from Indonesia.
Methods: In stage 1, we used the Affymetrix 100 K SNP GeneChip marker set to genotype 259 Indonesian
samples. After quality control filtering, 108 cases and 115 controls were analyzed for association of 95,207 SNPs. In
stage 2, we attempted validation of 2,453 SNPs with promising associations from the first stage, in 1,189 individuals
from the same Indonesian cohort, and finally in stage 3 we selected 251 SNPs from this stage to test TB
association in an independent Caucasian cohort (n = 3,760) from Russia.
Results: Our study suggests evidence of association (P = 0.0004-0.0067) for 8 independent loci (nominal
significance P < 0.05), which are located within or near the following genes involved in immune signaling: JAG1,
DYNLRB2, EBF1, TMEFF2, CCL17, HAUS6, PENK and TXNDC4.
Conclusions: Mechanisms of immune defense suggested by some of the identified genes exhibit biological
plausibility and may suggest novel pathways involved in the host containment of infection with TB.
Background
Tuberculosis (TB) remains one of the leading causes of
infection-associated mortality, with close to 10 million
new cases and 2 million deaths annually [1,2]. Although
Mycobacterium tuberculosis has infected around a third
of the world’s population, only 3-10% of those infected
develop active disease during their lifetime [3]. More
than 90% of infected individuals remain asymptomatic
with a latent infection. This indicates that host immune/
defense pathways are often highly effective in controlling
this disease. Because the infection causes such a burden
of disease in those unable to contain the infection, it is
important to discover underlying mechanisms to aid the
development of more effective interventions such as
better vaccines and novel treatments for latent and active
infection. Similarly, it is important to identify predictive
biomarkers that might identify individuals who are most
susceptible to developing active TB disease.
Studies of heritability using twins and other familial
designs have convincingly implicated a genetic component
contributing to outcomes of TB infection [4-7]. This has
encouraged us to conduct a genome-wide search for genes
relevant to pulmonary TB susceptibility and active disease.
Although animal and other models of infection have
implicated a small number of possible candidate genes,
these often have ambiguous or disappointing patterns of
replication in humans [8]. Furthermore, the testing of can-
didate gene hypotheses are severely limited by assump-
tions and limitations to our current knowledge of the
relevant pathways of immune containment. A genome
wide association study (GWAS), by contrast, can scan
nearly the entire genome for variants associated with a
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plausibility. This innovation in the study of complex dis-
ease genetics in humans has proved successful in discover-
ing novel genetic associations across a wide array of
phenotypes and diseases [9,10]. In the case of TB, a
GWAS on African populations has identified a susceptibil-
ity locus for TB at chromosome 18 q11.2 [10]. The variant
implicated, rs4331426, lies within a gene-desert, with the
risk allele relatively common in the African population
studied, though it is found at much lower frequencies in
other populations, making it difficult to replicate the
reported association outside Africa [10].
In the current study, we embarked on a two-stage
GWAS using the first generation Affymetrix 100 K SNP
GeneChip marker set in an Indonesian population sam-
ple from Jakarta and Bandung, two cities on the island of
Java (n = 1,448) [11]. In stage 1, we analyzed 95,207 SNPs
of 108 cases and 115 controls, and synthesized 2,453
selected top SNPs (P < 0.05) on two Illumina GoldenGate
customized arrays, for genotyping the remaining 1,189
independent Indonesian samples, as validation in the sec-
ond stage. 251 promising SNPs (Indonesian 2 stages P <
0.05) from the initial Indonesian studies were subse-
quently selected for genotyping and testing TB associa-
tion in an independent cohort from Russia (n = 3,760).
We have detected several variants within or near genes
involved in immunity, albeit with nominal significance.
Nevertheless, the plausibility of biological mechanisms
suggested by some of these immune genes encourages us
to suggest these variants and genes for further study.
Methods
Subjects
Indonesian cohort
Indonesian TB patients and controls were enrolled from
the cities of Jakarta and Bandung on the island of Java,
Indonesia using a uniform enrollment protocol for all
subjects [12]. 799 TB patients (mean age 32, range 14-75,
55.8% male, see Table 1) had been diagnosed by the local
health care service using information about clinical
symptoms, chest X-rays, and sputum smear. For all cases
in this study, diagnosis was further confirmed by sputum
culture of M. tuberculosis. Clinical information, as well as
the patients’ age, ethnicity, socio-economic status, and
concurrent medical history were recorded in structured
questionnaires. Patients with extra-pulmonary TB, dia-
betes mellitus (fasting blood glucose > 126 mg/dL), and
HIV-positive subjects were excluded from the genetic
study [13,14]. 746 sex- and age (+/- 10 year) matched
control subjects from the same areas (mean age 33, range
15-70, 52.5% male), with no history of TB and showing
no evidence of TB-related infiltrates in chest X-rays were
enrolled from the same and neighboring households of
the enrolled cases. First-degree related individuals among
subjects were identified by genetics, and were excluded
from further analysis.
Self and parental ethnicities recorded during recruit-
ment were used to characterize subjects with a Javanese
origin from three groups -the Jawa, Betawi, and Sunda,
which altogether comprised more than 80% of the total
sample. Individuals in the non-Javanese category have
both parents coming from other Indonesian Islands,
whereas subjects with one parent from non-Javanese ori-
gin were considered having mixed parentage (Table 1).
Population outliers were detected by genetics in stage 1
using the genome wide markers (n = 95,207 SNPs), and
were excluded for further analysis. Subjects with self-
reported ethnicity that were of non-Indonesian origin
were excluded from stage 2 genotyping. This protocol
was reviewed and approved by the relevant institutional
review boards in Indonesia and the Netherlands.
Russian cohort
Russian TB patients and controls were collected at two
cities, St. Petersburg (1,528 patients and 1,609 controls)
and Samara (384 patients and 495 controls), using a uni-
form enrollment protocol for all samples, which has been
described previously [15]. In summary (Table 1), 1,912 TB
patients (mean age 43.8, range 17-86, 73.8% male) were
confirmed as cases by sputum culture of M. tuberculosis.
Patients with extra-pulmonary TB or HIV-positive were
Table 1 Demographic data of the study populations
Indonesian cohort Russian cohort
TB Patients
(n = 799)
Controls
(n = 746)
TB Patients
(n = 1,912)
Controls
(n = 2,104)
Age years (mean) 14-75 (32) 15-70 (33) 17-86 (44) 16-66 (30)
Gender male:female (%) 55.8% : 44.2% 52.5% : 47.5% 73.8% : 26.2% 75% : 25%
Self reported ethnicity (%)
Caucasian 0 0 1912 (100%) 2104 (100%)
Javanese 675 (84.48%) 617 (82.71%)
mixed (either parent Javanese) 26 (3.25%) 43 (5.76%)
non-Javanese 59 (7.38%) 32 (4.29%)
Unknown 39 (4.88%) 54 (7.24%)
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range 16-66, 75.0% male) local blood bank donors with no
known history of TB were recruited as controls. Permis-
sions were obtained from the local ethics committees in
St. Petersburg and Samara, Russia, and Cambridge, UK,
and had written informed consent from all participating
subjects.
Genotyping
Stage 1: GWAS in Indonesian cohort
For the initial genome-wide scan, 125 cases and 134
controls were genotyped for 116,204 SNPs with the
Affymetrix 100 K Human mapping SNP set, according
to the manufacturer’s protocol. Genotype calling was
performed using Affymetrix’s BRLMM software [16].
For quality control purposes, subjects were excluded
based on: call-rate <90% (n = 2), first-degree familial rela-
tionship (n = 7), discrepancies with reported gender (n =
4), population outliers in an analysis of the first two princi-
pal components (n = 4) (see Additional file 1, Supplemen-
tary Figure S1), and a diagnosis of diabetes mellitus (n =
19), which has been consistently identified as a risk factor
for active TB disease. After sample exclusions, SNPs were
filtered to remove those that were: non-autosomal (n =
2,355), unmapped in reference genome build 123 (n =
1,225), call-rate <90% (n = 402), minor allele frequency
(MAF) < 0.01 (n = 16,905), and P-value of Hardy-Wein-
berg equilibrium (HWE) test (controls only) < 1 × 10
-7 (n
= 110). The resulting post-QC dataset of 108 cases and
115 controls analyzed for 95,207 SNPs was then utilized in
the association study.
Stage 2: validation in Indonesian cohort
Selected from the highest ranking SNP associations from
stage 1, we synthesized 2,453 SNPs (P <0.05) on the Illu-
mina GoldenGate customized array in two separate pools.
As according to manufacturer’s protocol, 1189 indepen-
dent subjects (626 cases and 563 controls) from the same
Indonesian study were genotyped on these GoldenGate
arrays, and the BeadStudio GenCall software was used to
call for genotype [17].
Quality control filtering was based on: sample call-rate
<90% (n = 9), first degree familial relationship (n = 14),
discrepancies with reported gender (n = 11), and history
of diabetes mellitus (n = 15). Following sample exclusions,
SNPs were filtered to remove those that are: unmapped in
reference genome build 123 (n = 3), minor allele frequency
(MAF) <0.01 (n = 44), and P-value for Hardy-Weinberg
equilibrium (HWE) test (controls only) < 1 × 10-
7 (n =
25). The resulting post-QC dataset of 600 cases and 540
controls genotyped for 2,381 SNPs was then utilized in the
association analysis.
Assuming a multiplicative model, and a TB prevalence
in Indonesia of 262 cases per 100,000 [1], the total
sample size of the two stage Indonesian cohort has
>80% power to detect associations for risk alleles ≥ 40%
frequency, and OR ≥1.5, for an uncorrected significance
threshold of P = 0.05, which is the nominal alpha we
consider to suggest association [18]. However, to
account for multiple testing a stringent Bonferroni cor-
rected alpha of P = 5.25 × 10-
7 (0.05/95,207) is required
to declare genome wide significance in this study.
Stage 3: testing TB association in Russian cohort
Among the top SNP associations detected in the first two
stages involving Indonesian subjects, 251 promising SNPs
(Indonesian 2 stages P < 0.05) were selected for synthesis
in an oligo pool assay (OPA) of the GoldenGate assay, see
Additional file 2, Supplementary Table S1. Genotyping of
these SNPs was performed on 3,760 Russian subjects to
test TB association in a large independent cohort. The
BeadStudio GenCall software was used to call for genotype
[17].
For quality control purpose, 144 subjects were excluded
because of sample duplication, and discrepancies with
reported gender. No other samples were excluded after fil-
tering for call-rate <90%, or of having first-degree familial
relationship. After sample exclusions, SNPs were filtered
to remove those with minor allele frequency (MAF) <0.01
(n = 6), and P-value for Hardy-Weinberg equilibrium
(HWE) tests (controls only) < 1 × 10-
7 (n = 2). The result-
ing post-QC dataset of 1,837 cases and 1,779 controls gen-
otyped for 243 SNPs was then utilized in the association
analysis.
Assuming a multiplicative model, and a TB prevalence
in Russia of 150 cases per 100,000 in the population [1],
the overall sample size of the Russian cohort has at least
99% power to detect associations at risk allele ≥ 40% fre-
quency and ORs ≥ 1.5, for an uncorrected significance
threshold of P = 0.05, which is the nominal alpha we con-
sider to suggest association [18].
Analysis of population stratification
Indonesian cohort
As population stratification can confound case-control
association studies [19-21], we performed a principal
components (PC) analysis as implemented in EIGEN-
STRAT to identify and exclude 4 population outliers
within PC1 and 2, from the Indonesian stage 1 dataset,
see Additional file 1, Supplementary Figure S1 [21]. The
median chi-square statistics of the post quality controlled
stage 1 genome wide loci yield a lambda inflation factor
(Devlin and Roeder method) of only 1.003, which indi-
cate that population stratification was minimal in this
study to cause significant inflation to the test statistics,
see Additional file 1, Supplementary Figure S2 [19].
Hence, no further adjustments were made to correct the
association tests for any inflation.
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forming principal components analysis. Nevertheless, to
avoid spurious genetic associations arising from popula-
tion stratification, efforts were made to ensure subjects
with self-reported ethnicity that were of non-Indonesian
origin were excluded from genotyping. Furthermore, as
described previously, to detect traces of population stratifi-
cation in the Indonesian cohort, a large subset of indivi-
duals (330 cases and 368 controls) that are part of this
study, were genotyped for an independent set of 299
ancestry informative markers. These SNPs were chosen to
be more than 10 Kb away from any known gene, to have
average minor allele frequencies around 30% and to be in
linkage equilibrium with one another [22]. The result of
the lambda inflation factor calculated according to the
method of Devlin and Roeder [19], had a value close to 1,
which further confirmed that there was minimal popula-
tion stratification in this Indonesian cohort [22].
Russian cohort
In order to control for hidden population stratification due
to potential admixture, all Russian subjects were geno-
typed for 15 ancestry-informative markers that was as
reported previously [15]. We selected these markers
among intergenic or intronic SNPs in the non-immune
genes spread across the genome that have minor allele fre-
quency of more than 10% in Europeans and over 65%
difference in allele frequency between European- and
Asian-derived populations [23]. As was reported pre-
viously, all ancestry-informative markers had similar allele
frequency in TB patients and healthy subjects (chi-square
test P > 0.13) thus, suggesting that major adjustments nor
population stratification are likely in this sample [15].
Analysis of relative detection
As cryptic relatedness among study subjects may artifac-
tually inflate the statistics of association in case-control
studies [24], the genotypes of markers that had undergone
quality control (Stage 1 n = 95,207 SNPs, or Stage 2 n =
2,381 SNPs) were used in the Relpair software to find
pairs of individuals who are more similar than expected by
chance in a random sample [25]. Based on the calculated
probabilities, we identified pairs with relationships of an
extent expected for monozygous twins, full siblings, and
parent-offspring. In each instance, the sample with the
higher call-rate was retained in the analysis.
Analysis of association statistics
After sample and SNP quality control, statistics of asso-
ciation were calculated using the PLINK software pack-
age [26]. For detecting associations in the first stage,
Trend tests were performed on 108 cases and 115 con-
trols with genotypes for 95,207 SNPs. Subsequently, for
the combined association results over the entire Indone-
sian cohort, the Cochran-Mantel-Haenszel (CMH) test
w a su s e dt op e r f o r mas t r a t i f i e da n a l y s i sa c r o s st h et w o
stages for the 2,381 quality filtered SNPs that had been
successfully genotyped in 708 cases and 655 controls. For
the stage 3 sample from Russia, including enrollments
from two cities, the CMH test was used to stratify the
association analysis by city, and provide the test statistics
after controlling for difference in sample location.
Finally, for the combined test statistics across all three
stages of the analysis, the CMH test was performed to
stratify the association analysis by cohort. A stringent Bon-
ferroni corrected alpha of P = 5.25 × 10
-7 (0.05/95,207) is
required to declare genome wide significance in this study.
However, due to sample size considerations in this study,
we consider also associations with P-values as low as 0.05
to be suggestive of association.
Results
The demographic characteristics of the participants of our
study are displayed in Table 1. In this study, we tested
SNPs across the genome for association with pulmonary
TB, in three separate stages. First in the discovery phase of
stage 1, following extensive quality control filtering on the
data, we analyzed 95,207 SNPs in 108 cases and 115 con-
trols from Indonesia for association with pulmonary TB
(see Additional file 1, Supplementary Figures S2 and S3).
Among the SNPs tested 4,719 SNPs exceed an uncor-
rected P < 0.05. The median chi-square of this study yields
a genomic control inflation (lGC)o fo n l y1 . 0 0 3 ,t oi n d i c a t e
that population stratification is minimal to cause signifi-
cant inflation, hence further adjustments were not made
to the test statistics.
In order to validate promising associations from the
initial discovery phase, in the second stage, the validation
phase, we analyzed 2,381 selected top SNPs (Stage 1 P <
0.05) in 708 cases and 655 controls from Indonesia. We
identified 368 SNPs at this stage that were nominally sig-
nificant (P < 0.05) in the combined stage analysis, suggest-
ing association with pulmonary TB in the Indonesian
population.
In order to study TB association in a large independent
cohort, 243 of the above SNPs identified in Indonesia,
were tested in stage 3 in 1,837 cases and 1,779 controls
from Russia. In the combined meta-analysis, 9 SNPs (P =
0.0004-0.0067) were discovered to associate with pulmon-
ary TB, independently across both Indonesian and Russian
cohorts, albeit with nominal (P < 0.05) significance (see
Table 2). These nine SNPs are located within or near the
following genes: JAG1, DYNLRB2, EBF1, TMEFF2, CCL17,
HAUS6, PENK and TXNDC4.
Discussion
Our TB association study extends across two genetically
highly diverse populations. It combines GWAS in Indo-
nesian population and follow-up genotyping of the best
Png et al. BMC Medical Genetics 2012, 13:5
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SNP Chr. Gene Risk
allele
Stage 1
Indo. P*
OR (95% CI) Stage 2
Indo. P*
OR (95% CI) Indo.
allele
freq.
Stage 3
Russ. P*
OR (95% CI) Russ
allele
freq.
Indo. &
Russ. P
OR (95% CI)
rs2273061 20 JAG1 G 0.004 1.80 1.18 2.72 0.01 1.24 1.05 1.46 0.28 0.008 1.14 1.03 1.25 0.43 0.0004 1.16 1.07 1.26
rs4461087 16 DYNLR A 0.009 1.62 1.10 2.37 0.03 1.18 1.01 1.38 0.38 0.01 1.18 1.04 1.34 0.16 0.001 1.18 1.07 1.30
rs10515787 5 EBF1 A 0.006 0.57 0.38 0.88 0.02 0.81 0.68 0.96 0.26 0.02 0.73 0.56 0.96 0.03 0.001 0.79 0.68 0.91
rs10497744 2 TMEFF2 Both SNPs in LD r
2
= 0.99 D’ = 1.00
A 0.002 0.55 0.38 0.82 0.02 0.83 0.71 0.97 0.35 0.02 0.89 0.80 0.98 0.30 0.001 0.87 0.80 0.95
rs1020941 2 TMEFF2 C 0.004 0.57 0.38 0.83 0.03 0.84 0.72 0.98 0.35 0.03 0.89 0.81 0.99 0.30 0.002 0.88 0.81 0.95
rs188872 16 CCL17 A 0.004 0.51 0.33 0.78 0.02 0.82 0.70 0.97 0.30 0.04 0.89 0.80 0.99 0.25 0.002 0.87 0.80 0.95
rs10245298 7 HAUS6 A 0.03 2.37 1.09 5.16 0.03 1.40 1.04 1.89 0.07 0.04 1.18 1.01 1.39 0.09 0.005 1.23 1.06 1.41
rs6985962 8 PENK C 0.02 2.01 1.12 3.61 0.04 1.26 1.01 1.59 0.13 0.047 1.14 1.00 1.29 0.15 0.006 1.17 1.05 1.31
rs1418267 9 TXNDC4 A 0.0004 3.19 1.71 5.99 0.04 1.28 1.01 1.62 0.12 0.04 1.11 1.01 1.22 0.40 0.007 1.13 1.03 1.23
Chr.- chromosome, LD- linkage disequilibrium, r
2 - R square, D’ - D prime, Indo.- Indonesia, P- P-value, OR- odds ratio, 95%
CI- 95% confidence interval, freq.- frequency, Russ.- Russia
￿ See Additional file 2, Supplementary Table S2 for genotype counts
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9associated SNPs in a large independent cohort from
Russia. Our data provide evidence of possible novel
associations of genetic variants with pulmonary TB sus-
ceptibility. Among them (Table 2), one of our lowest P
values is observed for rs2273061 (P 0.0004, O.R 1.16,
95%C.I. 1.07-1.26), which is in the transcript of JAG1.
This protein is a ligand for the Notch receptor that
plays a central part of the Notch signaling cascade [27].
Mouse macrophages infected with M. bovis BCG have
been shown to up-regulate NOTCH1 signaling leading
to SOCS3 expression via NOTCH1 mediated recruit-
ment of NFB and CSL to the SOCS3 promoter. As
SOCS3 is a critical regulator of cytokine signaling,
induction of this gene by mycobacteria could suggest a
strategy to render infected macrophages unresponsive to
interferon-gamma (IFN-g), which is a central Th1 cyto-
kine [28]. This modulation of host cell signaling
response may be critical for a generalized suppression of
inflammatory responses, and the persistence of myco-
bacteria within the host.
Notch signaling also plays a pivotal role in T cell lineage
commitment, and another associated SNP, rs10515787 (P
0.0013, O.R. 0.79, 95%C.I. 0.68-0.91) is in the EBF1 gene,
which is a central B cell lineage specification factor. In
order for EBF1 to perform its role, it must partner with
PAX5 through a feedback regulation to amplify B cell spe-
cific gene expression and solidify the commitment to the
B cell pathway [29]. PAX5 is the guardian of B cell identity
and functions by down regulating genes that are against B
cell lineage, such as the M-CSF and NOTCH1, which are
required for myeloid development and T cell lineage spe-
cification respectively [30,31]. This counteractive response
of repressing NOTCH1 signaling that is not in favor of T
cell promotion, might suggests an impact on the control
of the intracellular infection of M. tuberculosis.
Two SNPs rs10497744 (P 0.0014, OR 0.87, 95%C.I.
0.80-0.95) and rs1020941 (P 0.0022, OR 0.88, 95%C.I.
0.81-0.95) in LD (r
2 = 0.99, D’ = 1.00) that are part of the
associated list are near the TMEFF2 gene. This gene
encodes a transmembrane protein with EGF (epidermal
growth factor)-like and two follistatin-like domains 2,
which is known to contribute to cell proliferation. Shed-
ding of TMEFF2 from the ectodomain is a functionally
important step to release the protein in its active form
for inducing cellular proliferation. This functionally limit-
ing step is highly mediated through an ADAM17 depen-
dent autocrine fashion [32]. Incidentally, ADAM17 also
has a prominent role in activating the cell-fate specifica-
tion Notch signaling pathway, by controlling the shed-
ding of Notch receptor and its ligand JAG1 [33], which is
also our first target gene, mentioned above. An active
ADAM17 regulates EGF receptor expression through
activating NOTCH1 that was demonstrated to affect
proliferation and survival of lung cancer cells, and
tumorigenicity of non-small cell lung cancer [34]. How-
ever, on the other hand, inactivating NOTCH1 or
ADAM17 resulted in substantial cell death, while EGFR
inhibition predominantly induced cell arrest in lung can-
cer [34]. Studies have also shown ADAM17 actively med-
iates the shedding of pro-inflammatory factors in lung
inflammation, and regulate immune cell recruitment and
cytokines secretion that affects the physiology of this
organ [35]. In pulmonary TB, the lung is the primary site
of infection by M. tuberculosis where, responding to inva-
sion, our body reacts by recruiting immune cells and pro-
inflammatory cytokines to attack and control further dis-
semination of a pathogen by forming granuloma, which
may also manifest in tissue damage.
Another example of biologically relevant candidate in
our data is rs188872 (P 0.0023, O.R. 0.87, 95%C.I. 0.80-
0.95), which is near the CCL17 cytokine gene. Lung granu-
lomas in mice were reported to have enhanced CCL17
transcript levels after being stimulated with M. bovis anti-
gen [36]. As a survival mechanism, pathogens such as M.
tuberculosis are known to preferentially shift host cell
response towards Th2 by instigating the production of
Th2 cytokines. When in excess, it would consequently
lead to immuno-suppression that might antagonize the
Th1 mediated microbicidal actions. In natural infection M.
tuberculosis may likely gain from this favorable condition
to survive in infected patients.
Within the Indonesian study, the lowest P value is found
in rs10497225 (P 1.52 × 10
-5, O.R. 2.36, 95%C.I. 1.58-3.52),
which is in the SLC4A10 gene, see Additional file 2, Sup-
plementary Table S1. This solute carrier family 4, sodium
bicarbonate transporter, member 10 (SLC4A10) gene is in
a similar class of function as the ion transporter; SLC11A1
(alias NRAMP1), a well studied TB gene involved in iron
metabolism and host resistance to pathogenic mycobac-
teria. Genetic variants of this gene have been associated
with susceptibility to TB and leprosy [37,38]. However, we
could not analyze rs10497225 in the Russian cohort
because this SNP is rare (MAF 0.0007) in this population,
and was excluded after failing MAF filter. In view of this,
we believe some of the association signals could be
affected by possible genetic differences between the host
populations. As these SNPs are merely markers tagging
the actual causal variants based on linkage disequilibrium
(LD), differences in LD patterns and allele frequencies
between differing ethnicities could affect the efficiency of
transferring tags across populations and the power in
detecting associations. This is notwithstanding the fact
that the 100 K SNP GeneChip marker set used in Stage1
is a rather sparse collection of SNPs. The SNPs in this
microarray capture (r
2 ≥ 0.8) common variants in the
Asian (JPT+CHB) and European (CEU) genomes at only
30% coverage [39], that are also undersampled in the cod-
ing regions, reducing the level of proxy to genes [40].
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less adequately tagged with SNPs, which could thereby
have resulted in reduced power for detecting associations.
Although none of the observed association signals
achieved stringent levels of genome wide significance,
likely due to the limited sample size of the Indonesian
GWAS cohort, the major findings from the study of both
Indonesians and Russians does suggest associations at sev-
eral loci, many of which are located in, or close to immune
related genes that have congruous functions toward Th1
axis of the pro-inflammatory IFN-g activity. IFN-g is an
essential cytokine for the effective control of M. tuberculo-
sis in the host, due to its central role in modulating and
bridging both the innate and adaptive immunity, impair-
ments in this axis of cytokine activity could render adverse
consequences. A previous study conducted on a subset of
samples from the same Indonesian cohort, had peripheral
blood cells taken from active TB patients, patients under-
going treatment, and healthy controls, and traced for Th1
cytokines production in response to M. tuberculosis and
mitogen stimulations [12]. The integrity of major pathways
involved in Th1 immunity were analyzed, among them
IFN-g level was found to be significantly correlated with
TB disease activity and response to curative treatment,
that was specific to M. tuberculosis stimulation [12]. This
change in cytokine activity according to the disease course
of pulmonary TB is unlikely due to major defects in IFN-g
itself, since mutations in this molecule and its receptors
are known to implicate rare severe infections to otherwise
poorly pathogenic mycobacteria [41,42]. Rather, in pul-
monary TB, a complex disease with adult onset, it is more
likely due to the accumulation of individual subtle effects
from variations in genes, such as those suggested from this
study that are working together in similar pathways, which
might sway the immune responses of the group of suscep-
tible individuals toward active disease.
Conclusions
Tuberculosis is a complex disease resulting from multi-
ple contributing factors, and the mechanism that trig-
gers active disease is unlikely to be simplistic. Aiming to
expand TB disease knowledge, this study took a com-
prehensive search across the genome, and suggests mul-
tiple targets working in novel pathways involved in the
host containment of infection with TB, further providing
insights on the mechanism of this disease, that could
previously be neglected in hypothesis driven approach.
Additional material
Additional file 1: Supplementary Figure S1: Principal component
ancestry (PCA) analysis plots of the stage 1 Indonesian GWAS cohort.
Supplementary Figure S2: Quantile-quantile plot of P value distribution
for the association with pulmonary TB in the stage 1 Indonesian GWAS
cohort. Supplementary Figure S3: Manhattan plot based on P values
derived from Trend test association analyses of 95,207 SNPs in 108 PTB
cases and 115 controls of stage 1 Indonesian GWAS.
Additional file 2: Supplementary Table S1: Association results and
genotype counts of 251 SNPs (P < 0.05) from the stage 1 and 2
Indonesian study that were carried forward to stage 3 Russian study
Supplementary Table S2: Association results and genotype counts of
nine significant SNPs from the combined meta-analysis results of all
three stages.
List of abbreviations
TB: tuberculosis; GWAS: genome wide association scan; SNP: single
nucleotide polymorphism; HIV: Human immunodeficiency virus; PC: principal
component; MAF: minor allele frequency; HWE: Hardy Weinberg equilibrium;
QC: quality control; WHO: World Health Organization; OPA: oligo pool assay;
IBS- identity by state; LD- linkage disequilibrium; OR- Odds ratio; QQ plot-
quantile-quantile plot; λGC- lambda genomic control inflation factor; CMH:
Cochran-Mantel-Haenszel; JPT: HapMap Japanese from Tokyo; CHB: HapMap
Han Chinese from Beijing; CEU: HapMap Caucasian from North America.
Acknowledgements and funding
We are grateful to all study participants, and thank colleagues in Indonesia
and the Netherlands for their help in the collection and analysis of clinical
data from the clinics. We also thank colleagues at the Genome Institute of
Singapore, Meah Wee Yang and Heng Khai Koon for helping with the
Illumina GoldenGate genotyping assay, and Rick Ong for his help with data
analysis. The study was supported by funding from the Agency for Science
Technology and Research, Singapore (A*STAR).
This study was supported by a grant from the Royal Netherlands Academy
of Arts and Sciences (KNAW99MED01), and received supplementary support
from NWO-PRIOR, GIS and LUMC.
During the course of this study Sergey Nejentsev was a Royal Society
University Research Fellow and now holds a Wellcome Trust Senior Research
Fellowship in Basic Biomedical Science. This study has been supported by
the Royal Society Research grant, the Wellcome Trust grant WT088838 MA
and the European Union Framework Programme 7 grant 201483 (TB-
EUROGEN).
Author details
1Human Genetics, Genome Institute of Singapore, 60 Biopolis Street,
Singapore 138672.
2Infectious Disease, Genome Institute of Singapore, 60
Biopolis Street, Singapore 138672.
3Dept. of Internal Medicine, Faculty of
Medicine Universitas Padjadjaran, Bandung, Indonesia.
4Health Research Unit,
Faculty of Medicine Universitas Padjadjaran, Bandung, Indonesia.
5Dept. of
Biochemistry, Faculty of Medicine Universitas Padjadjaran, Bandung,
Indonesia.
6Eijkman Institute for Molecular Biology, Jl. Diponegoro 69, Jakarta,
Indonesia 10430.
7Infectious Disease Working Group, Medical Faculty,
University of Indonesia, Jakarta, Indonesia.
8Samara Oblast Tuberculosis
Dispensary, Samara City, Samara, Russian Federation.
9Clinical TB and HIV
Group and Health Protection Agency, National Mycobacterium Reference
Laboratory, The Blizard Institute, Barts and the London School of Medicine,
Queen Mary College, University of London, London, UK.
10Department of
Medicine, University of Cambridge, Cambridge, UK.
11Dept of Infectious
Diseases, Leiden University Medical Center, Albinusdreef 2, 2333 ZA Leiden,
The Netherlands.
12Department of Medicine, Radboud University Nijmegen
Medical Centre, Nijmegen, The Netherlands.
13Institute for Human Genetics,
University of California, San Francisco, California 94143-0794, USA, and Blood
Systems Research Institute, 270 Masonic Avenue, San Francisco, California
94118, USA.
Authors’ contributions
All authors contributed in various phases to the writing, and had read and
approved the final manuscript. TO and MS were the principal investigators
of the study, and supervised it throughout together with RC and MH. BA, ES,
RN all played crucial roles in patient and control selection and sampling. EP
performed the genotyping, statistical analysis, and the drafting of this
manuscript. EV contributed to many discussions and helped writing the
manuscript. IA contributed in processing biological samples and managing
Png et al. BMC Medical Genetics 2012, 13:5
http://www.biomedcentral.com/1471-2350/13/5
Page 7 of 9the database. SM was instrumental in co-designing the project. YB, VN, FD
co-ordinate and implemented patient and control selection and sampling
sample in Russia. SN participated in sample collection in Russia and
association analysis of the Russian data.
Competing interests
The authors declare that they have no competing interests.
Received: 5 September 2011 Accepted: 13 January 2012
Published: 13 January 2012
References
1. Global Tuberculosis Control report 2009. [http://www.who.int/tb/
publications/global_report/2009/pdf/report_without_annexes.pdf].
2. Corbett EL, Watt CJ, Walker N, Maher D, Williams BG, Raviglione MC, Dye C:
The growing burden of tuberculosis: global trends and interactions with
the HIV epidemics. Arch Intern Med 2003, 163(9):1009-1021.
3. Vynnycky E, Fine PE: Lifetime risks, incubation period, and serial interval
of tuberculosis. Am J Epidemiol 2000, 152(3):247-263.
4. Kallmann FJ, Reisner D: Twin Studies on the significance of genetic
factors in tuberculosis. Am Rev Tuberc 1943, 47:549-574.
5. Bellamy R, Beyers N, McAdam KP, Ruwende C, Gie R, Samaai P, Bester D,
Meyer M, Corrah T, Collin M, Camidge DR, Wilkinson D, Hoal-Van Helden E,
Whittle HC, Amos W, van Helden P, Hill AV: Genetic Susceptibility to
Tuberculosis in Africans: A Genome Wide Scan. Proc Natl Acad Sci USA
2000, 97(14):8005-8009.
6. Jepson A, Fowler A, Banya W, Singh M, Bennett S, Whittle H, Hill AV:
Genetic Regulation of Acquired Immune Responses to Antigens of
Mycobacterium Tuberculosis: A Study of Twins in West Africa. Infect
Immun 2001, 69(6):3989-3994.
7. Baghdadi JE, Orlova M, Alter A, Ranque B, Chentoufi M, Lazrak F,
Archane MI, Casanova JL, Benslimane A, Schurr E, Abel L: An Autosomal
Dominant Major Gene Confers Predisposition to Pulmonary Tuberculosis
in Adults. J Exp Med 2006, 203(7):1679-1684.
8. Pan H, Yan BS, Rojas M, Shebzukhov YV, Zhou H, Kobzik L, Higgins DE,
Daly MJ, Bloom BR, Kramnik I: Ipr1 gene mediates innate immunity to
tuberculosis. Nature 2005, 434(7034):767-772.
9. Zhang FR, Huang W, Chen SM, Sun LD, Liu H, Li Y, Cui Y, Yan XX, Yang HT,
Yang RD, Chu TS, Zhang C, Zhang L, Han JW, Yu GQ, Quan C, Yu YX,
Zhang Z, Shi BQ, Zhang LH, Cheng H, Wang CY, Lin Y, Zheng HF, Fu XA,
Zuo XB, Wang Q, Long H, Sun YP, Cheng YL, Tian HQ, Zhou FS, Liu HX,
Lu WS, He SM, Du WL, Shen M, Jin QY, Wang Y, Low HQ, Erwin T, Yang NH,
Li JY, Zhao X, Jiao YL, Mao LG, Yin G, Jiang ZX, Wang XD, Yu JP, Hu ZH,
Gong CH, Liu YQ, Liu RY, Wang DM, Wei D, Liu JX, Cao WK, Cao HZ, Li YP,
Yan WG, Wei SY, Wang KJ, Hibberd ML, Yang S, Zhang XJ, Liu JJ:
Genomewide association study of leprosy. N Engl J Med 2009,
361(27):2609-2618.
10. Thye T, Vannberg FO, Wong SH, Owusu-Dabo E, Osei I, Gyapong J,
Sirugo G, Sisay-Joof F, Enimil A, Chinbuah MA, Floyd S, Warndorff DK,
Sichali L, Malema S, Crampin AC, Ngwira B, Teo YY, Small K, Rockett K,
Kwiatkowski D, Fine PE, Hill PC, Newport M, Lienhardt C, Adegbola RA,
Corrah T, Ziegler A, African TB Genetics Consortium, Wellcome Trust Case
Control Consortium, Morris AP, Meyer CG, Horstmann RD, Hill AV: Genome-
wide association analyses identifies a susceptibility locus for tuberculosis
on chromosome 18 q11.2. Nat Genet 2010, 42(9):739-741.
11. Matsuzaki H, Dong S, Loi H, Di X, Liu G, Hubbell E, Law J, Berntsen T,
Chadha M, Hui H, Yang G, Kennedy GC, Webster TA, Cawley S, Walsh PS,
Jones KW, Fodor SP, Mei R: Genotyping over 100,000 SNPs on a pair of
oligonucleotide arrays. Nat Methods 2004, 1(2):109-111.
12. Sahiratmadja E, Alisjahbana B, de Boer T, Adnan I, Maya A, Danusantoso H,
Nelwan RH, Marzuki S, van der Meer JW, van Crevel R, van de Vosse E,
Ottenhoff TH: Dynamic changes in pro- and anti-inflammatory cytokine
profiles and gamma interferon receptor signaling integrity correlate
with tuberculosis disease activity and response to curative treatment.
Infect Immun 2007, 75(2):820-829.
13. Alisjahbana B, van Crevel R, Sahiratmadja E, den Heijer M, Maya A, Istriana E,
Danusantoso H, Ottenhoff TH, Nelwan RH, van der Meer JW: Diabetes
mellitus is strongly associated with tuberculosis in Indonesia. Int J Tuberc
Lung Dis 2006, 10(6):696-700.
14. Sahiratmadja E, Baak-Pablo R, de Visser AW, Alisjahbana B, Adnan I, van
Crevel R, Marzuki S, van Dissel JT, Ottenhoff TH, van de Vosse E: Association
of polymorphisms in IL-12/IFN-γ pathway genes with susceptibility to
pulmonary tuberculosis in Indonesia. Tuberculosis 2007, 87(4):303-311.
15. Szeszko JS, Healy B, Stevens H, Balabanova Y, Drobniewski F, Todd JA,
Nejentsev S: Resequencing and association analysis of the SP110 gene in
adult pulmonary tuberculosis. Hum Genet 2007, 121(2):155-160.
16. Rabbee N, Speed TP: A genotype calling algorithm for affymetrix SNP
arrays. Bioinformatics 2006, 22(1):7-12.
17. Gunderson KL, Steemers FJ, Lee G, Mendoza LG, Chee MS: A genome-wide
scalable SNP genotyping assay using microarray technology. Nat Genet
2005, 37(5):549-554.
18. Purcell S, Cherny SS, Sham PC: Genetic Power Calculator: design of
linkage and association genetic mapping studies of complex traits.
Bioinformatics 2003, 19(1):149-150.
19. Devlin B, Roeder K: Genomic control for association studies. Biometrics
1999, 55(4):997-1004.
20. Rosenberg NA, Pritchard JK, Weber JL, Cann HM, Kidd KK, Zhivotovsky LA,
Feldman MW: Genetic Structure of Human Populations. Science 2002,
298(5602):2381-2385.
21. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D:
Principal components analysis corrects for stratification in genome-wide
association studies. Nat Genet 2006, 38(8):904-909.
22. Davila S, Hibberd ML, Hari Dass R, Wong HE, Sahiratmadja E, Bonnard C,
Alisjahbana B, Szeszko JS, Balabanova Y, Drobniewski F, van Crevel R, van
de Vosse E, Nejentsev S, Ottenhoff TH, Seielstad M: Genetic association
and expression studies indicate a role of toll-like receptor 8 in
pulmonary tuberculosis. PLoS Genet 2008, 4(10):e1000218.
23. Smith MW, Patterson N, Lautenberger JA, Truelove AL, McDonald GJ,
Waliszewska A, Kessing BD, Malasky MJ, Scafe C, Le E, De Jager PL,
Mignault AA, Yi Z, De The G, Essex M, Sankale JL, Moore JH, Poku K,
Phair JP, Goedert JJ, Vlahov D, Williams SM, Tishkoff SA, Winkler CA, De La
Vega FM, Woodage T, Sninsky JJ, Hafler DA, Altshuler D, Gilbert DA,
O’Brien SJ, Reich D: A High Density Admixture Map for Disease Gene
Discovery in African Americans. Am J Hum Genet 2004, 74(5):1001-1013.
24. Voight BF, Pritchard JK: Confounding from Cryptic Relatedness in Case-
Control Association Studies. PLoS Genet 2005, 1(3):e32.
25. Epstein MP, Duren WL, Boehnke M: Improved inference of relationships
for pairs of individuals. Am J Hum Genet 2000, 67(5):1219-1231.
26. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J,
Sklar P, de Bakker PI, Daly MJ, Sham PC: PLINK: a tool set for whole-
genome association and population-based linkage analyses. Am J Hum
Genet 2007, 81(3):559-575.
27. Yang LT, Nichols JT, Yao C, Manilay JO, Robey EA, Weinmaster G: Fringe
Glycosyltransferases Differentially Modulate Notch1 Proteolysis Induced
by Delta1 and Jagged1. Mol Biol Cell 2005, 16(2):927-942.
28. Narayana Y, Balaji KN: NOTCH1 Upregulation and Signaling Involved in
Mycobacterium Bovis BCG Induced SOCS3 Expression in Macrophages. J
Biol Chem 2008, 283(18):12501-12511.
29. Nutt SL, Kee BL: The Transcriptional Regulation of B Cell Lineage
Commitment. Immunity 2007, 26(6):715-725.
30. Cobaleda C, Schebesta A, Delogu A, Busslinger M: Pax5 the Guardian of B
Cell Identity and Function. Nat Immunol 2007, 8(5):463-470.
31. Rothenberg EV, Moore JE, Yui MA: Launching the T-cell-lineage
developmental programme. Nat Rev Immunol 2008, 8(1):9-21.
32. Ali N, Knaüper V: Phorbol ester-induced shedding of the prostate cancer
marker transmembrane protein with epidermal growth factor and two
follistatin motifs 2 is mediated by the disintegrin and metalloproteinase-
17. J Biol Chem 2007, 282(52):37378-37388.
33. Parr-Sturgess CA, Rushton DJ, Parkin ET: Ectodomain shedding of the
Notch ligand Jagged1 is mediated by ADAM17, but is not a lipid-raft-
associated event. Biochem J 2010, 432(2):283-294.
34. Baumgart A, Seidl S, Vlachou P, Michel L, Mitova N, Schatz N, Specht K,
Koch I, Schuster T, Grundler R, Kremer M, Fend F, Siveke JT, Peschel C,
Duyster J, Dechow T: ADAM17 regulates epidermal growth factor
receptor expression through the activation of Notch1 in non-small cell
lung cancer. Cancer Res 2010, 70(13):5368-5378.
35. Pruessmeyer J, Martin C, Hess FM, Schwarz N, Schmidt S, Kogel T,
Hoettecke N, Schmidt B, Sechi A, Uhlig S, Ludwig A: A disintegrin and
metalloproteinase 17 (ADAM17) mediates inflammation-induced
shedding of syndecan-1 and -4 by lung epithelial cells. J Biol Chem 2010,
285(1):555-564.
Png et al. BMC Medical Genetics 2012, 13:5
http://www.biomedcentral.com/1471-2350/13/5
Page 8 of 936. Chiu BC, Freeman CM, Stolberg VR, Komuniecki E, Lincoln PM, Kunkel SL,
Chensue SW: Cytokine-Chemokine Networks in Experimental
Mycobacterial and Schistosomal Pulmonary Granuloma Formation. Am J
Respir Cell Mol Biol 2003, 29(1):106-116.
37. Li X, Yang Y, Zhou F, Zhang Y, Lu H, Jin Q, Gao L: SLC11A1 (NRAMP1)
polymorphisms and tuberculosis susceptibility: updated systematic
review and meta-analysis. PLoS One 2011, 6(1):e15831.
38. Teixeira MA, Silva NL, Ramos Ade L, Hatagima A, Magalhães V: NRAMP1
gene polymorphisms in individuals with leprosy reactions attended at
two reference centers in Recife, northeastern Brazil. Rev Soc Bras Med
Trop 2010, 43(3):281-286.
39. Barrett JC, Cardon LR: Evaluating coverage of genome-wide association
studies. Nat Genet 2006, 38(6):659-662.
40. Nicolae DL, Wen X, Voight BF, Cox NJ: Coverage and characteristics of the
Affymetrix GeneChip Human Mapping 100 K SNP set. PLoS Genet 2006,
2(5):e67.
41. Casanova JL, Abel L: Genetic Dissection of Immunity to Mycobacteria:
The Human Model. Annu Rev Immunol 2002, 20:581-620.
42. Ottenhoff TH, Verreck FA, Lichtenauer-Kaligis EG, Hoeve MA, Sanal O, van
Dissel JT: Genetics, cytokines and human infectious disease: lessons from
weakly pathogenic mycobacteria and salmonellae. Nat Genet 2002,
32(1):97-105.
Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2350/13/5/prepub
doi:10.1186/1471-2350-13-5
Cite this article as: Png et al.: A genome wide association study of
pulmonary tuberculosis susceptibility in Indonesians. BMC Medical
Genetics 2012 13:5.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Png et al. BMC Medical Genetics 2012, 13:5
http://www.biomedcentral.com/1471-2350/13/5
Page 9 of 9